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23 ABSTRACT

24 In anisogamous species, sexual selection is expected to be stronger in males. Bateman’s principles 

25 state that the variance in (i) reproductive and (ii) mating success is greater for males and (iii) the 

26 relationship between reproductive success and mating success (the Bateman gradient) is also 

27 stronger for males than for females. Sexual selection, based on Bateman’s principles, has been 

28 demonstrated in animals and some angiosperms, but never in a seaweed. Here we focus on the 

29 oogamous haploid-diploid rhodophyte Gracilaria gracilis in which previous studies have shown 

30 evidence for non-random mating, suggesting the existence of male-male competition and female 

31 choice. We estimated mating and reproductive success using paternity analyses in a natural 

32 population where up to 92% of fertilizations occurred between partners of that population. The 

33 results show that the variance in mating success is significantly greater in males than in females and 

34 that the Bateman gradient is positive only in males. Distance to female partners also explains a 

35 minor part of the variance in male mating success. Although there is no evidence for sexual 

36 dimorphism, our study supports the hypothesis that sexual selection occurs in G. gracilis, likely on 

37 male traits, even if we cannot observe, characterize or quantify them yet. 

38

39 INTRODUCTION

40 Sexual selection arises from competition among individuals for the access to mates and/or to their 

41 gametes [1]. Historically developed to explain the sexual dimorphism of secondary sexual traits in 

42 animal species [2], sexual selection theory postulates that anisogamy should lead to strong 

43 competition among males for the access to females and ovules [3]. Therefore, under this postulate, 

44 any trait that increases the successful access to female mating partners should greatly affect male 

45 reproductive success [4]. This theory thus constitutes a satisfying explanation for the frequently 
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46 observed male-biased sexual dimorphism in several categories of traits, including ornaments and 

47 armaments (but see [5]). Sexual selection in both sexes has been quantified in a large number of 

48 animal species using metrics derived from Bateman’s principles [6]: (i) the opportunity for selection 

49 I, i.e. the variance in relative reproductive success; (ii) the opportunity for sexual selection Is, i.e. 

50 the variance relative in mating success and (iii) the Bateman gradient, i.e. the slope of the regression 

51 of relative reproductive success as a function of relative mating success [7]. The sex associated with 

52 the highest value of these three metrics is considered as the one under stronger sexual selection. A 

53 recent meta-analysis focusing on animals indeed shows that both the Bateman gradient and the 

54 opportunity for sexual selection are more often higher in males [8]. Although this trend appears 

55 stronger in species with male-biased sexual dimorphism in terms of morphological or behavioural 

56 traits (i.e. males developing large body, bright colours or exuberant and acrobatic courtship 

57 displays), a number of studies have reported stronger sexual selection, or opportunities of sexual 

58 selection, in males within species in which no sexual dimorphism has been documented [8]. 

59 The use of these metrics of sexual selection has been largely biased towards animals, mainly 

60 vertebrates and non-sessile invertebrates [8]. Although it has been acknowledged that stronger 

61 sexual selection in males should occur in any anisogamous species [9], very few studies have 

62 attempted to directly verify this prediction in other anisogamous eukaryotes which typically lack 

63 copulation and for which cognitive traits (such as those involved in partner choice behaviours, 

64 sensus stricto). Therefore, these anisogamous eukaryotes, such as plants, provide stimulating study 

65 models for the empirical test of sexual selection. Sexual selection in angiosperms, although once 

66 fiercely debated [9,10], is now widely recognized as a possible evolutionary force, which may indeed 

67 be stronger through the male function of hermaphrodites or in male individuals in dioecious species, 

68 at least when pollen supply is not limiting [11–13]. Among the arguments in favour of the existence 

69 of sexual selection in plants, the occurrence of male-biased sexual dimorphism in dioecious plant 
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70 species (e.g. males with larger or more numerous flowers than females) suggests that selection 

71 through the male function to attract pollinators or to invest in reproduction may be indeed stronger 

72 [14–16]. Nevertheless, Bateman’s metrics have been estimated and compared between males and 

73 females in only three angiosperm species. In all three cases, sexual selection was found to be 

74 stronger in males, and results were at least partly consistent with the sexual dimorphism 

75 documented in these species [17–19]. Nonflowering plant species have been investigated even less 

76 on the topic of sexual selection. Only one study, carried out on a non-sexually dimorphic moss, 

77 estimated Bateman gradients and found evidence for a steeper relationship between reproductive 

78 and mating success in male gametophytes [20]. These results suggest a potential for stronger sexual 

79 selection in males of this anisogamous species, but this does not appear to have driven the evolution 

80 of sexually dimorphic traits. Noteworthily, this particular study was performed in a population with 

81 an extreme male-biased sex ratio, a feature that has been found to be associated with higher 

82 opportunities for sexual selection and higher Bateman gradients in males [21].

83 One situation in which stronger opportunity for sexual selection in males would not be associated 

84 with sexual dimorphism is when variation in mating success is not determined by heritable traits. In 

85 plants, their inability to move forces pollen or male gametes to disperse in the environment via 

86 pollinators or abiotic factors, so that the exact spatial location of individuals is likely to be a strong 

87 determinant of mating success. Several studies have explored the impact of geographical location 

88 and of local sex ratio on male and/or female reproductive success [22–26], but without explicitly 

89 linking their results to sexual selection. Like plants and some animals, red algae are sessile and 

90 anisogamous [27]. Male gametes are released in the water and fertilizations occur on the females, 

91 which is referred as spermcast mating for sessile marine invertebrates [28]. In red algae, male 

92 gametes are non-flagellated and we recently demonstrated that isopod-mediated fertilization 

93 increases fertilization success [29]. In Florideophyceae, after fertilization, the diploid zygote divides 
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94 mitotically in a diploid structure, protected and nourished by the parental female haploid 

95 gametophyte [30]. These characteristics of the reproductive life cycle suggest that fertilization 

96 success in this group may be driven by different selection pressures between males and females (i.e. 

97 competition between males for access to females or selective cystocarp abortion by the females) 

98 [31]. In the dioicous red alga Gracilaria gracilis, male fertilization success shows high variance 

99 [31,32], suggesting that there may be male-male competition or female choice, a sign of sexual 

100 selection. However, to date in this alga, the relationship between reproductive success and mating 

101 success has not been tested to determine if the Bateman gradient is steeper in males. Here, we 

102 compare potentials for sexual selection among male and female gametophytes in G. gracilis by 

103 estimating the three Bateman indexes in a natural population characterized by a balanced sex ratio. 

104 We also explore the role of individual location, relative to individuals of the other sex, on the 

105 variation of mating success in both males and females. The investigation of Bateman principles in 

106 species outside the clades classically studied for sexual selection should help to understand how 

107 and when anisogamy triggers differences in the magnitude of sexual selection between sexes, and 

108 when such differences can drive the evolution of sexual dimorphism. 

109 MATERIAL & METHODS

110 (a) Study species

111 Populations of the rhodophyte Gracilaria gracilis are patchily distributed in the intertidal zone on 

112 rocky shores. Individuals occupying rock pools remain immersed at ebb tide. Its life cycle is haploid-

113 diploid, including male and female haploid gametophytes and diploid tetrasporophytes (figure 1). 

114 Tetrasporophytes produce haploid spores via meiosis that develop into dioicous male and female 

115 gametophytes. This species is characterized by a highly specialized type of oogamous reproduction 

116 [26]. Spermatia (non-flagellated male gametes) are released into the environment, but female 

117 gametes (carpogonium) are retained on the female gametophyte. After fertilization, the zygote 
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118 remains on the female gametophyte and develops into diploid sporogenous tissue (gonimoblast) 

119 protected and nurtured by the parental female thallus, forming a complex, macroscopic post-

120 fertilization structure called the cystocarp. The cystocarp is fully mature approximately one month 

121 after fertilization. One fertilization event gives rise to thousands of identical diploid spores that, 

122 after release, can germinate into new tetrasporophyte individuals [33]. The tetrasporophyte, female 

123 gametophyte and male gametophyte individuals are considered isomorphic, even though males are 

124 slightly smaller than females and tetrasporophytes [34]. Both haploid and diploid individuals are 

125 long-lived [35]. The thallus is formed of a few erect deciduous main axes, irregularly branched, 

126 reaching up to 30 cm long, arising from a small perennial discoid holdfast, fixing the individual to 

127 the bedrock. Previous studies have shown that the reproductive period occurs from March to 

128 September with cystocarp production peaking in August–September [33,36]. Individuals less than 8 

129 cm in length are generally non-reproductive. 

130 (b) Study population and sampling

131 The study population was located on the coast of the North Sea at Cape Gris-Nez (in the Strait of 

132 Dover region, northern France, 50°53’N, 1°35’E) in a pool of ca. 5 m² isolated from other populations 

133 at low tide [31,33]. In August 2020, every individual in the rock pool was sampled and spatially 

134 mapped relative to a pair of fixed points. Maximum thallus length and maximum diameter, 

135 measured using all the thalli emerging from the holdfast, were recorded for each individual to 

136 estimate biomass [35]. Several branches of each individual were sampled and examined under a 

137 dissecting microscope to establish the sexual phenotype (tetrasporophyte, female or male 

138 gametophyte) of each individual based on the observed reproductive structures. Of a total of 238 

139 reproductive individuals sampled, 97 tetrasporophytes, 70 females and 71 males were identified 

140 (figure 2). There was a balanced sex ratio (1:1). For every female, cystocarps were counted on the 

141 10 cm distal extremity of five branches. Thallus fragments were excised from each individual for 
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142 DNA extraction. An average of 32 large cystocarps (ranging from 12 to 48 cystocarps) were randomly 

143 sampled and dissected from each female and stored at -20°C.

144 (c) DNA extraction and microsatellite genotyping

145 For individuals, DNA extraction was performed on approximately 10 mg of dried thallus tissue using 

146 the NucleoSpin® 96 Plant II kit (Macherey-Nagel, GmbH & Co. KG, Düren, Germany) following the 

147 manufacturer’s instructions. For cystocarps, DNA extraction was performed using the Chelex 

148 method (Chelex TM 100; Biorad, Hercules, California), following the protocol described in Wattier 

149 et al. [37]. All male and female gametophyte individuals as well as the sampled cystocarps were 

150 genotyped using 13 microsatellite loci: Gv2CT [37], Gg121, Gg155, Gg173, Gg182, Gg216 [38], 

151 Ggrac_02, Ggrac_03, Ggrac_04, Ggrac_05, Ggrac_08, Ggrac_09, Ggrac_11 [39]. PCR was performed 

152 in a total volume of 10 µL containing 2 µL of DNA template diluted 1:50 (gametophytes) or not 

153 diluted (cystocarps), 1 X GoTaq Flexi buffer (Promega Corporation), 2 mM MgCl2, 150 µM of each 

154 dNTP (Thermo Fisher Scientific Inc., USA), 30 pmol of forward fluorescent-labelled primer, 30 pmol 

155 of reverse primer (Eurofins MWG Operon, Germany), and 0.35 U GoTaq Flexi Polymerase (Promega 

156 Corporation). Amplifications were carried out under the following conditions: initial denaturation at 

157 95°C for 5 min, 30 cycles of denaturation at 95°C for 30 s, annealing at 60°C for 30 s, and extension 

158 at 72°C for 30 s, followed by a final extension of 72°C for 10 min. Next, 2 μL of the diluted PCR 

159 product 1:10 was added to 10 μL of loading buffer made up of 0.5 μL of the SM594 size standard 

160 [40] and 9.5 μL of Hi-Di formamide, denatured at 95°C for 3 min, and run in an ABI 3130 XL capillary

161 sequencer (Applied Biosystems, USA). Genotypes were scored manually in Genemapper version 4.0 

162 (Applied Biosystems). The gametophytes being haploid, for each cystocarp, we were able to deduce 

163 the paternal genotype by subtracting the maternal genotype from the diploid cystocarp genotype 

164 across all loci using the Multilocus Matches option in GenAlEx ver. 6.5 [41,42]. 

165 (d) Reproductive and mating success
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166 Mating and reproductive success were estimated on the 50 females (out of the 70 initially present 

167 in the population, see figure 2) for which there was sufficient information (i.e. estimated biomass, 

168 cystocarp count per centimetre, and more than 24 cystocarps genotyped).

169 Mating success is the total number of mating partners per individual. In this study, we estimated 

170 the genetic mating success, i.e. the number of individuals of the other sex with which at least one 

171 zygote was produced, based on the results of the parentage assignment (table S1). Slightly unequal 

172 numbers of cystocarps were genotyped across females, which may cause an artificial overestimation 

173 of mating success for females associated with a higher sampling effort. Mating success for both 

174 sexes was thus estimated using a bootstrapping procedure in which we resampled 24 genotyped 

175 offspring (cystocarps) 1000 times for each female. The genetic mating success for each individual 

176 was calculated from each resampling and, in further analyses, the mean "individual" mating success 

177 value was used.

178 Female reproductive success is the total number of offspring a female produces. We estimated the 

179 female reproductive success by multiplying the mean number of cystocarps per cm3 counted on 5 

180 branches by the total volume of the individual (table S2) as a proxy for individual biomass [34].

181 Male reproductive success is the total number of offspring a male sires. Male reproductive success 

182 can thus be estimated as the proportion of each female’s cystocarps sired by that male, as 

183 determined from the parental assignment (table S1), multiplied by female reproductive success and 

184 summed over all surveyed females (table S3). At each sampling step of the bootstrapping procedure 

185 performed for estimating mating success described above we calculated the proportion of 

186 cystocarps sired by each male in all male-female pairs, to obtain an estimate of male reproductive 

187 success for each male individual. The mean value of male reproductive success resulting from the 

188 bootstrapping procedure was retained as an estimate of male reproductive success. 
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189 The relative reproductive and mating success of females and males were calculated by dividing the 

190 obtained values for each individual by the respective mean for each sex (tables S2, S3). 

191 (e) Distance to partners

192 To estimate the effect of distance on variation in male and female mating success, the distance of 

193 each individual to all potential mating partners (i.e. individuals of the other sex) was calculated using 

194 individual geographic coordinates within the population. The mean of these distances was used as 

195 a proxy for the potential access to mating partners (tables S2, S3).

196 (f) Statistical analyses

197 All analyses were performed using R Statistical Software (v 4.0.3; R Core Team 2020) [43]. Function 

198 lm() was used for all the linear regression analysis. Function leveneTest() was used for Levene 

199 tests. The complete script of bootstrapping procedure and path analyses are available in Dryad 

200 (see data availability section).

201 Bateman’s metrics

202 We quantified the strength of sexual selection in each sex using Bateman’s metrics [44–46]. First, 

203 we estimated the standardized variance in reproductive success, I and in mating success Is. I and Is 

204 were calculated by dividing respectively the variance of reproductive and mating success by the 

205 square of their mean value. We tested for differences in reproductive and mating success variances 

206 between sexes using Levene’s test. In addition, we estimated the slope of the linear regression of 

207 relative reproductive success as a function of relative mating success (Bateman gradient), on each 

208 sex separately. We then analysed the whole dataset with a linear model that tested for the effect 

209 of mating success and of the interaction between mating success and sex. Because uneven sampling 

210 between males and females may artificially increase the estimates of variance and the statistical 

211 power of the estimate of the Bateman gradient in males, a bootstrapping procedure was used to (i) 
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212 compare both I and Is between males and females 50 times and (ii) test for the Bateman gradient 

213 in males, based on a subsample of 50 males only. 

214 Distance to partners 

215 A linear regression of relative mating success over the mean distance to potential partners was 

216 tested for males and females separately. A similar model was built, this time to test the effect of 

217 distance to partners on reproductive success, again testing males and females separately. Finally, 

218 we built a multiple linear regression of relative reproductive success over relative mating success 

219 and distance to potential partners (i.e. the equivalent of a partial Bateman gradient), to test whether 

220 any detected effect of the distance to partners on reproductive success was mediated through an 

221 impact of distance on mating success. 

222 Path analyses: indirect effects of distance and biomass on mating and reproductive success

223 In addition, we used a pathway analysis approach (Structural Equation Modelling, see also [47]), in 

224 order to dissect direct from indirect effects of distance to potential mating partners on reproductive 

225 success. More precisely, we tested whether the distance to potential partners affected mating 

226 success and whether this had an indirect effect on reproductive success, while testing the 

227 relationship between mating and reproductive success. We also assessed the direct relationship 

228 between distance to partners and reproductive success. This was done simultaneously on males and 

229 females, using the piecewiseSEM package in R [48]. We then performed a multigroup analysis using 

230 local estimation of the parameters, by first providing statistics for sex × distance interaction using 

231 type III ANOVA. This allowed us to test whether the direct or indirect effects of distance to partners 

232 on reproductive success were significantly different between sexes. Testing the effect of sex x 

233 mating success interaction on reproductive success provided an additional test of a difference in the 

234 Bateman gradient between sexes. In a second step, the analysis provides correlation estimates and 
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235 significant sex × variable interactions are free to vary between males and females. These results 

236 were compared to results of the linear models described above. Finally, we used the same path 

237 analysis approach by additionally testing for indirect and direct effects of individual biomass on 

238 reproductive success. Because biomass was used to estimate female reproductive success, this last 

239 analysis was performed only on males. 

240 RESULTS

241 Paternity analysis, performed by genotyping 1495 cystocarps from 50 females, revealed that 92% of 

242 the fertilization events (1371 cystocarps) occurred with males located in the population and only 

243 8% (124 cystocarps) with males from outside. Of the 71 reproductive males in the population, we 

244 did not detect any sired cystocarps for five of them (tables S1, S2) and these five were thus assigned 

245 a null reproductive and mating success.

246 (a) Bateman’s metrics

247 Reproductive success, i.e. the total number of offspring, ranged from 0 to 48,112 for males and from 

248 1215 to 66,495 for females (figure 3A-D, tables S1, S3). Mating success, i.e. the number of sexual 

249 partners, ranged from 0 to 27 for males and from 4 to 18 for females (figure 3 B-E, tables S1, S3). 

250 Both the opportunity for selection I and the opportunity for sexual selection Is were stronger for 

251 males than for females (I: 1.18 versus 0.66; Is: 0.74 versus 0.05), although this difference was 

252 significant only for mating success in males (Levene’s test: I: F1,119=0.47, P=0.49; Is: F1,119=28.75, P< 

253 0.001). These results were not qualitatively affected when these analyses were performed on a 

254 subsample of 50 males to obtain equal sample sizes for males and females. Bateman gradients 

255 investigated for each sex separately provided different results in males and females: no significant 

256 relationship was found between relative mating and reproductive success in females (slope ± s.e.: 

257 0.46 ± 0.53, P=0.39), whereas it was significantly positive in males (slope ± s.e.: 1.17 ± 0.05, P<0.001) 

258 (figure 3C-F). This result still held when the Bateman gradient was analysed on a subsample of 50 
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259 males to have the same sample size as in the female dataset. However, when relative reproductive 

260 success of males and females were analysed conjointly, mating success had no effect (slope ± s.e.: 

261 0.46 ± 0.39, P=0.25) and the interaction between mating success and sex was non-significant but 

262 with a p-value of 0.08 (slope ± s.e.: 0.71 ± 0.40, P=0.08). When using the path analysis approach, we 

263 detected a significant effect of sex x mating success interaction on reproductive success, with mating 

264 success positively affecting reproductive success in males only (figure S2). 

265 One potential weakness of our approach is that we set a maximum value of female mating success 

266 (i.e. the number of genotyped offspring per female), which could artificially decrease the estimated 

267 female mating success and flatten the Bateman gradient in females. This is an unavoidable limit of 

268 such an approach, when exhaustive genotyping is not an option, as already underlined in similar 

269 studies [19,49]. However, in our case, the observed shared paternity among offspring of the same 

270 female (see table S1) suggests that estimated female mating success would not necessarily strongly 

271 increase if we had genotyped a higher number of offspring for each female. 

272 (b) Distance to partners and male biomass explained part of the variance in mating success

273 The mean distance to potential mating partners ranged from 0.88 m to 2.18 m for females, and from 

274 0.78 m to 2.59 m for males (tables S1, S3). In males, mating success significantly decreased when 

275 their distance to potential female partners increased (slope ± s.e.: -0.93 ± 0.21, P<0.001) (figure 4A). 

276 The same result was observed for reproductive success (slope ± s.e.: -1.01 ± 0.28, P<0.001) (figure 

277 S1). However, when the distance to potential partners and mating success were simultaneously 

278 included in a linear regression of reproductive success, only mating success was found to have a 

279 significant effect (slope ± s.e.: 1.21 ± 0.07, P<0.001) and the distance effect was no longer significant 

280 (P=0.40). This result suggests that the effect of distance to potential partners on male reproductive 

281 success was mediated through an effect on male mating success. In contrast, distance to potential 

282 male partners had no effect on either female mating success (P=0.48) (figure 4B) or reproductive 
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283 success (P=0.23) (figure S1). The path analysis approach provided very consistent results, with an 

284 indirect effect of the distance to potential partners on reproductive success, mediated through the 

285 interaction between mating and reproductive success, in males but not in females (figure S2). 

286 Finally, when focusing on males only, we found that individual biomass positively affected mating 

287 success, thus having an indirect positive effect on reproductive success. Adding the biomass in the 

288 model did not qualitatively modify the effects of distance to potential female partners described 

289 above (figure S3).

290 DISCUSSION

291 In this first ever test of Bateman’s principles in an oogamous red alga, we found evidence in support 

292 of two of Bateman’s three principles, suggesting a greater potential for sexual selection in males 

293 than in females in Gracilaria gracilis. We also detected an effect of individual location relative to 

294 potential mating partners on male mating success, which indirectly affects their reproductive 

295 success. Below, we discuss these different results in the light of red algal reproduction biology and 

296 their possible implications for processes of sexual selection in this species. 

297 The first result of our study was that the variance in mating success was significantly higher in males 

298 than in females, thereby validating Bateman's second principle. This result is consistent with the 

299 Darwinian sex-role hypothesis linked to anisogamy, which predicts that sexual selection is often 

300 strongest in the sex that produces the smallest and most abundant gametes, i.e. males by definition 

301 [5]. This expected consequence of anisogamy [3,50], even if not observed in all studies (see [8]), has 

302 been detected in a large number of animal species [1,8], but also in some angiosperms [12,13,51], 

303 mosses [20], fungi [52,53] and a red alga [31,32]. 

304 Second, our results also validate Bateman’s third principle because the Bateman gradient showed a 

305 significant positive relationship between reproductive and mating success in males, but not in 

306 females. The stronger dependence of reproductive success on mating success in males compared 
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307 with females has been widely documented in animals (see for review [8]), but has only recently been 

308 reported in three species of angiosperms [17–19] and one aquatic species of peat moss [20], while 

309 it had never been tested in seaweeds before. Bateman’s third principle has generally been 

310 interpreted as the existence of strong competition between males for access to females, whereas 

311 the reproductive success of females is not strongly tied to their ability to access mates. The 

312 transferability of methods used for investigating the Bateman gradient and how to interpret it in 

313 animals to angiosperms was recently discussed in Tonnabel et al. [17] and Barbot et al. [19]. In 

314 particular, in mating systems in which females have multiple mating partners during a mating season, 

315 frequently reported in angiosperms (see for review [54]) but rare in motile animals, may bias the 

316 estimation of sexual selection. Multiple mating partners should result in high values of mating 

317 success, but the fact that genetic mating success is typically estimated on a subsample of offspring 

318 may lead to an underestimation of the mating success at least in some individuals, and ultimately 

319 to an underestimation of the variance in mating success. Such bias has been discussed in a few 

320 papers based on meta-analyses of studies focused in animals and simulated data sets, suggesting 

321 that the Bateman gradient may be overestimated in such a case [49,55]. In red algae, gametophytes 

322 are haploid and produce gametes by mitosis, and — given that male gametophytes thus produce 

323 genetically identical gametes — fertilization of multiple females by individual males can be readily 

324 detected. To date, the few paternity analyses published in red algae (i.e. G. gracilis, [31] and 

325 Chondrus crispus, [56]) have confirmed high levels of polyandry in natural populations, which 

326 suggests that in our study the Bateman gradient, as in other plants, may be overestimated in males. 

327 Nevertheless, in the handful of investigated plant species, the positive Bateman gradient found in 

328 males, but not in females, has been interpreted as the direct result of female reproductive success 

329 not being limited by pollen supply, at least in the experimental conditions in which these studies 

330 were conducted [17,19]. Pollen limitation is another common feature in angiosperms [11,57] that 
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331 should, when it occurs, decrease the difference in magnitude of sexual selection between females 

332 and males because in pollen-limiting situations, female reproductive success becomes limited by 

333 access to male gametes. Although this relationship has not been directly tested yet, in situations of 

334 low plant and/or pollinator densities, despite the much higher production of male gametes 

335 compared with female gametes at the population level, female Bateman gradients are expected to 

336 become significant [3,19]. In sessile marine organisms, female fertility has been assumed to be 

337 limited due to short sperm lifespans and their dilution in turbulent flow [58,59], but several 

338 mechanisms such as synchronous release of motile gametes and chemotaxis have evolved in a range 

339 of invertebrates and brown seaweed, to ensure fertilization rates of up to 80–100% (for reviews, 

340 see [60,61]). In red algae, it has long been hypothesized that fertilization success should be 

341 particularly low due to the characteristics of their life cycle [62,63]. Male gametes are not 

342 flagellated, have a short lifespan and fertilization takes place on a remote female organ. The absence 

343 of any documented mechanism of synchronous gamete release or chemotaxis has raised questions 

344 on the efficiency of gamete encounters in rhodophytes [63]. Searles [62] even hypothesized that 

345 the evolution of cystocarps in which the female nurtures, amplifies and protects the zygote is 

346 probably a response to low rates of fertilization. Rare gamete encounters should lead to a positive 

347 Bateman gradient in female G. gracilis, a result that was not found in the current study. Therefore, 

348 in the studied population, dispersal appears to be efficient enough to ensure the sufficient access 

349 of female gametophytes to reproduction and thus the production of cystocarps. This argument is 

350 further supported by our evidence that all measured females had multiple fertilization partners. 

351 Although data on natural fertilization success are still sparse in red algae, Engel et al. [31] and Maggs 

352 et al. [64] reported that male gametes did not appear to be limiting because the majority of 

353 fertilization takes place during low tide when the spermatium concentration is high [65]. In addition, 

354 isopod-mediated transport of male gametes, a phenomenon similar to pollination, recently 
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355 demonstrated in a red alga [29] may compensate for the lack of flagella, increasing fertilization rates 

356 and thus explaining any absence of gamete limitation. Further work is needed to investigate 

357 whether the Bateman gradient can become significant for females under spermatium-limiting 

358 conditions, i.e. without “pollinators” or in a more open environment.

359 Here, the variance in mating success was greater in males and strongly correlated with their 

360 reproductive success. This relationship seems to suggest that variance in reproductive success is 

361 higher in males than in females. However, even if the opportunity for selection (I) tended to be 

362 stronger in males, the difference between sexes was not significant, and therefore did not confirm 

363 Bateman’s first principle. These results differ from what has been found in other animal and plant 

364 species [7,8]. One possible explanation for this discrepancy is that female reproductive success 

365 depends on other factors not related to their access to reproduction but, for example, to their ability 

366 to mobilize resources. Interestingly, a trade-off between sexual reproduction and growth has been 

367 demonstrated in females for two species of red algae (G. chilensis, [66] and G. domingensis, [67]). 

368 Our results thus suggest that sexual selection may be stronger in males in G. gracilis. Consequently, 

369 any heritable trait increasing individual access to mating partners may be under sexual selection in 

370 males, leading to some sort of sexual dimorphism. In animals, numerous studies have focused on 

371 dimorphic traits that allow males to increase the number of partners, such as ornaments or 

372 armaments [4]. In angiosperms, some sexually dimorphic traits such as different metrics of flower 

373 size and phenology have been shown to be under stronger selection [68,69] or sexual selection [19] 

374 in males. In the current study, some constraints in our data collection prevented us from 

375 investigating the impact of biomass on female reproductive success. When focusing on males, we 

376 found that biomass increased mating success, suggesting that this trait may thus be under sexual 

377 selection, although nothing is currently known about its heritability in G. gracilis. 
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378 If the variance in male mating success largely depends on the geographical location of individuals, a 

379 typically non-heritable trait, a distance effect may explain why sexual selection seems stronger in 

380 males in a species in which no obvious sexual dimorphism seems to occur. A distance effect on 

381 reproductive success has been commonly reported in plants [22–26] and also in G. gracilis [30]. In 

382 the current study, our tests indeed revealed that only male (and not female) reproductive success 

383 depends on the distance to potential mates. This effect arises from the dependence of mating 

384 success on distance. However, distance explains only a small part of the variance in male mating 

385 success, and specific male traits, not yet identified, may nevertheless be involved in this variable 

386 access to mates.

387 Given that red algae are cryptogams (i.e. without visible sexual organs) and have a simple 

388 morphology (i.e. thallus), the identification of dimorphic sexual characters remains a real challenge. 

389 In G. gracilis there is no marked sexual dimorphism [33,34]. Nevertheless, some male traits may 

390 help increase access to females by improving gamete quality and/or efficiency, such as the 

391 phenology of gamete production, or the level of production of mucilage strands in spermatia that 

392 may aid dispersal and animal transport [29,70]. These traits may be subject to sexual selection in 

393 males, and offer exciting avenues for future research. 

394 By investigating the Bateman gradient, the current study mainly focused on the equivalent of pre-

395 copulation sexual selection mechanisms [8], i.e. those involved in the transport of gametes from 

396 male to female reproductive structures. However, other processes, can occur after mating such as 

397 the selection of some particular male gametes by female tissues, a mechanism often referred to as 

398 cryptic female choice in animals and which may also occur in plants [55].It is thus possible that our 

399 estimate of the Bateman gradient in G. gracilis also captured the consequences of such cryptic 

400 choice. In red algae, female choice could occur within a female structure called the trichogyne [71]. 

401 Several spermatia may adhere to a trichogyne [72], but only one male nucleus goes on to fuse with 
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402 the female gamete nucleus [73]. Due to the long and costly development of cystocarps, female 

403 choice may play an important role after fertilization in G. gracilis. Through this process, females can 

404 improve offspring quality by selectively aborting zygotes, on the basis of their paternity. This 

405 phenomenon has been widely described in plants where abortions are frequent [74–77] and also in 

406 fungi [78]. Post-mating abortions have also been described after controlled crosses in Gracilariaceae 

407 [79–81], including individuals of G. gracilis sampled from the same population as that studied here 

408 [32]. 

409 In conclusion, our study suggests that sexual selection occurs with a higher intensity in males than 

410 in females in G. gracilis, a species that shows no clear sexual dimorphism. Our results pave the way 

411 for future research to examine particular traits and their susceptibility to sex-specific sexual 

412 selection. Finally, our investigation on a non-obvious candidate species shed light on sexual selection 

413 being a possible evolutionary driver in a hitherto little-studied phylum of the tree of life. 

414
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616 Figure Captions

617 Figure 1 - Life cycle of Gracilaria gracilis. The individuals are fixed to the rocky substrate via a 

618 perennial holdfast. The deciduous erect thalli decay after reproduction in late autumn and grow 

619 back from the holdfast in spring. Diploid tetrasporophytes produce haploid spores from meiosis that 
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620 develop into dioicous male and female haploid gametophytes. Spermatia (non-flagellated male 

621 gametes) are released into the water column. After fertilization, the zygote is retained on the female 

622 and develops into a complex, macroscopic post-fertilization structure: the cystocarp. One 

623 fertilization gives rise to thousands of identical diploid carpospores that, after release and 

624 germination, grow into new tetrasporophyte individuals.

625

626 Figure 2 - Map of the Cape Gris-Nez intertidal rock pool showing the locations of the 71 male 

627 (triangles) and the 70 female (circles) gametophyte individuals sampled within the population (the 

628 tetrasporophyte individuals are not shown). Mating success, i.e. the numbers of sexual partners, is 

629 proportional to (filled) symbol size. Females with missing information that were not included in 

630 Bateman analyses are indicated with open circles. The rock pool edges are shown in grey. The grey 

631 polygons within the rock pool indicate the presence of rocks.

632

633 Figure 3 - Relationship between reproductive and mating success and their distribution in males 

634 (dark blue) and females (green). Distribution of reproductive success (A,D), mating success (B, E) 

635 and the Bateman gradient (C,F) for males and females, respectively. The significance of the Bateman 

636 gradient, estimated by the slope of the linear regression, is indicated on the graph (C, F).

637

638 Figure 4 - Relationship between mating success and mean distance to partners (A) in males and (B) 

639 in females. The significance of the relationship, estimated by the slope of the linear regression, is 

640 shown on each graph.
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Figure 1 - Life cycle of Gracilaria gracilis. The individuals are fixed to the rocky substrate via a perennial 
holdfast. The deciduous erect thalli decay after reproduction in late autumn and grow back from the holdfast 
in spring. Diploid tetrasporophytes produce haploid spores from meiosis that develop into dioicous male and 

female haploid gametophytes. Spermatia (non-flagellated male gametes) are released into the water 
column. After fertilization, the zygote is retained on the female and develops into a complex, macroscopic 

post-fertilization structure: the cystocarp. One fertilization gives rise to thousands of identical diploid 
carpospores that, after release and germination, grow into new tetrasporophyte individuals. 
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Figure 2 - Map of the Cape Gris-Nez intertidal rock pool showing the locations of the 71 male (triangles) and 
the 70 female (circles) gametophyte individuals sampled within the population (the tetrasporophyte 

individuals are not shown). Mating success, i.e. the numbers of sexual partners, is proportional to (filled) 
symbol size. Females with missing information that were not included in Bateman analyses are indicated 
with open circles. The rock pool edges are shown in grey. The grey polygons within the rock pool indicate 

the presence of rocks. 
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Figure 3 - Relationship between reproductive and mating success and their distribution in males (dark blue) 
and females (green). Distribution of reproductive success (A,D), mating success (B, E) and the Bateman 

gradient (C,F) for males and females, respectively. The significance of the Bateman gradient, estimated by 
the slope of the linear regression, is indicated on the graph (C, F). 

Page 29 of 29



Figure 4 - Relationship between mating success and mean distance to partners (A) in males and (B) in 
females. The significance of the relationship, estimated by the slope of the linear regression, is shown on 

each graph. 
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